Cardosins are model plant aspartic proteases, a group of proteases that are involved in cell death events associated with plant senescence and stress responses. They are synthesized as single-chain zymogens, and subsequent conversion into two-chain mature enzymes is a crucial step in the regulation of their activity. Here we describe the activation and proteolytic processing of recombinant procardosin A. The cleavage sites involved in this multi-step autocatalytic process were determined, some of them using a novel method for C-terminal sequence analysis. Even though the two-chain recombinant enzyme displayed similar properties as natural cardosin A, a single-chain mutant form was engineered based on the processing results and produced in Escherichia coli. Determination of its primary specificity using two combinatorial peptide libraries revealed that this mutant form behaved like the natural enzyme. The primary specificity of the enzyme closely resembles those of cathepsin D and plasmepsins, suggesting that cardosin A shares the same peptide scissile bond preferences of its vacuolar/lysosomal mammalian and protozoan homologues.
Sequencing of the Arabidopsis genome unveiled over 50 genes coding for aspartic proteases of the pepsin type (1, 2) . These genes have been assigned to three different categories: typical, nucellin-like, and atypical proteases (2) . With the exception of the products of cnd41 (3) (4) (5) and cdr1 (6) genes, very little is known about the nucellin and the atypical subgroups. In fact, most of the knowledge acquired during the last decade relates to the typical subgroup of plant aspartic proteases and has been generated predominantly from the study of phytepsin from barley seeds and cardosins from the flowers of cardoon (7) .
Typical plant aspartic proteases constitute a set of enzymes that share many structural and functional features not only among them but also with some of their mammalian and microbial homologues. They display activity at acidic pH and are inhibited by pepstatin A, a natural hexapeptide from Streptomyces. Common features also include the overall three-dimensional structure of mature enzymes, the catalytic apparatus, and a conserved DT/SG motif. A distinguishing feature of typical plant aspartic proteases is the occurrence of an extra 100-amino acid-long internal segment, known as the plant-specific insert (PSI), in the sequence of their precursors. This domain displays structural and functional similarities to saposins (8, 9) , sphingolipid-activating proteins from animals, and some antimicrobial peptides such as NK-lysin, granulysin, and amoebapores (10) ; it folds as an independent domain in the precursor form (11) and is subsequently excised to generate the mature two-chain form (7) . Even though the function of PSI 1 is not yet fully elucidated, it seems to play an important role in targeting plant aspartic protease precursors to the vacuole (11, 12) .
Little is known regarding the function of typical plant aspartic proteases. Colocalization studies with putative substrates and their temporal and spatial expression profiles have implicated members of this group in cell death events associated with plant senescence, stress responses, programmed cell death, and plant sexual reproduction (7) . In the particular case of cardosin A, the major aspartic protease from the flowers of cardoon, gene expression occurs specifically at the early stages of flower development, and the protein accumulates in protein storage vacuoles until the later stages of flower senescence (13) . As the flower matures, the single-chain precursor form (procardosin A) is converted into a two-chain mature cardosin A by removal of the internal PSI domain and the N-terminal propeptide (14) . This event is a crucial step in regulating the activity of cardosin A. Therefore, an improved understanding of the activation mechanism, along with a more detailed analysis of the specificity of cardosin A, may give more clues about the molecular mechanism underlying its participation in the cell death events associated with flower senescence.
MATERIALS AND METHODS
The expression vector pET-23a (Novagen, Madison, WI) containing the procardosin A cDNA (pET_pCAϩPSI) has been previously constructed in our lab (14) , as well as the PSI deleted procardosin A construct (pET_pCA⌬PSI) (8) . The Escherichia coli BL21(DE3) strain was pur-* The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. chased from Novagen. Prestained protein markers were purchased from Bio-Rad. The synthetic chromogenic peptide Lys-Pro-Ala-Glu-PhePhe(NO 2 )-Ala-Leu was purchased from Pepsyn Ltd. (University of Liverpool, Biological Sciences). Natural Cardosin A was purified from fresh flowers of Cynara cardunculus L. as previously described (15) .
Expression, Refolding, and Purification of Procardosin A in E. colipET_pCAϩPSI and pET_pCA-PSI were introduced into E. coli BL21 (DE3), and expression of procardosin A (pCA) or its mutant without the PSI (pCA⌬PSI) was induced by the addition of isopropyl-1-thio-␤-Dgalactopyranoside (final concentration, 0.5 mM) when the A 600 of the cells, grown at 37°C, had reached 0.6. After 3 h, the cells were harvested, resuspended in 50 mM Tris-HCl, 50 mM NaCl (pH 7.4), and lysed by adding lysozyme (100 g/ml). After freezing and thawing, deoxyribonuclease I (100 g/ml) and MgCl 2 (100 mM) were added and incubated at 4°C for 1 h. The inclusion bodies were then washed for 3 h with 50 mM Tris-HCl, 50 mM NaCl (pH 7.4), centrifuged at 10,000 ϫ g for 20 min at 4°C, and then washed again for another 3 h with 50 mM Tris-HCl, 50 mM NaCl (pH 7.4), 0,1% Triton X-100 (v/v). Upon centrifugation at 10,000 ϫ g for 20 min at 4°C, the purified inclusion bodies were dissolved in 8 M urea containing 100 mM ␤-mercaptoethanol. The protein was refolded by rapid dilution (20-fold) into 20 mM Tris base, and the pH was slowly adjusted to pH 8.0. The recombinant protein was then concentrated in a tangential flow ultrafiltration system (Pellicon 2; Millipore, Billerica, MA), ultracentrifuged at 50,000 ϫ g for 20 min at 4°C, and the supernatant was applied onto an S-300 gel filtration chromatographic column (Amersham Biosciences) equilibrated in 20 mM Tris-HCl, 0.4 M urea, pH 8.0 buffer. The fractions corresponding to the second protein peak, which corresponds to the nonaggregated forms of cardosin A, were then combined and further purified by ion exchange chromatography on a Resource Q column (Amersham Biosciences) using the same buffer as for the S-300 chromatographic experiment with a gradient of 0 -0.5 M NaCl.
Polyacrylamide Gel Electrophoresis-SDS-PAGE was performed using 15% gels in a Bio-Rad Mini Protean III electrophoresis apparatus and stained with Coomassie Brilliant Blue R-250 (Sigma). After SDS-PAGE, the protein samples for chemical N-and C-terminal sequence analysis were transferred onto polyvinylidene difluoride membranes by electroblotting in 10 mM CAPS, 10% methanol, pH 11, at 500 mA for 1 h and stained with Coomassie Brilliant Blue R-250.
Activation and Enzymatic Properties-Purified procardosin A (with or without PSI) samples were first incubated with the activation buffers in a 1:1 volume ratio. The samples were incubated overnight at 37°C with the following buffers: 0.1 M sodium citrate, pH 3.0 and 4.0; 0.1 M sodium acetate, pH 5.0; 0.1 M sodium phosphate, pH 6.0; and 0.1 M Tris-HCl, pH 7.0. The samples were then assayed for activity and analyzed by SDS-PAGE.
N-and C-terminal Sequence Analysis of Electroblotted Samples-Nterminal sequence analysis was performed in the gas-pulsed liquid phase using a model 476A protein sequencer with a microreaction chamber and an on-line HPLC system for phenylthiohydantoin analysis (Applied Biosystems, Foster City, CA). Absorbance was monitored at 269 nm. C-terminal sequence analysis was performed on a Procise 494C protein sequencer (Applied Biosystems) using the C-terminal sequencing chemistry first described in 1992 (16) and most recently reviewed in 2000 (17) . Prior to C-terminal sequence analysis, the sample was treated with 200 mM phenylisocyanate in ACN under basic conditions (124 mM diisopropyl ethylamine/ACN) to derivatize the ⑀-amino group of the lysine residues into stable phenylureas. The alkylated thiohydantoin amino acids were analyzed on-line on a thermostatted (38°C) C18 reversed phase column (2.1 ϫ 220 mm, 5 microns). A linear gradient with a flow rate of 300 l/min was formed using a 140C microgradient system with the following solvents: Solvent A, 35 mM sodium acetate buffer, 3.5% tetrahydrofuran, Milli Q water, and Solvent B, 100% ACN. The alkylated thiohydantoin-derivatives were monitored using a 785 A absorbance detector set at 254 nm, and quantified relative to a 100-pmol alkylated thiohydantoin amino acid standard. The methyl napthyl thiohydantoin amino acid standards were obtained from the supplier. The reagents and solvents, for both N-and Cterminal sequence analysis, as well as HPLC solvents were obtained from Applied Biosystems.
Mass Spectrometric C-terminal Sequence Analysis of SDS-PAGE Separated Samples-Proteins separated by SDS-PAGE are reduced and alkylated after destaining of the molecular mass separated fragments. Alkylation with iodoacetamide at alkaline pH values results in formation of carboxyamidomethylcysteine derivatives (⌬m ϭ ϩ57.02 Da). Removal of the excess iodoacetamide is accomplished by washing the gel piece prior to chemical cleavage with CNBr in 70% aquous trifluoroacetic acid. After cleavage (incubation overnight in the dark at room temperature), the supernatant was collected, and the CNBr fragments were extracted twice with 70% ACN, 0.1% trifluoroacetic acid. All of the fractions were pooled, dried in a SpeedVac, and finally redissolved in 10 l of digest buffer prior to carboxypeptidase treatment. Carboxypeptidase Y sequencing grade (EC 3.4.16.1) and carboxypeptidase P sequencing grade (EC 3.4.16.1) were obtained from Roche Applied Science. The vials, containing 20 g of enzyme, were redissolved in 70 l of redistilled water, resulting in a stock solution of 5 pmol of carboxypetidases Y and P/l 40 mM sodium citrate buffer concentration, pH 6.0. From this stock solution dilutions were freshly prepared daily. For time-dependent ladder formation, the CNBr fragments were resolubilized in 10 l of 10 mM ammonium acetate (pH 5.4), and a mixture of carboxypetidases Y and P was added at an enzyme/ substrate ratio of 1/50 (w/w). Sample aliquots of this reaction mixture (1 l) were taken at 0, 1, 3, 10, 20, and 30 min.
The Applied Biosystems 4700 Proteomics Analyzer with time-offlight/time-of-flight optics was used in this study for ladder sequence analysis and MALDI MS/MS applications. The mass spectrometer uses a 200-Hz frequency tripled Nd:YAG laser operating at a wavelength of 355 nm. For MS/MS, ions generated by the MALDI process were accelerated at 8 kV through a grid at 6.7 kV into a short, linear, field-free drift region. In this region, the ions pass though a timed ion selector device that is able to select one peptide from a mixture of peptides at different m/z values for subsequent fragmentation in the collision cell. After a peptide at a given m/z was selected by the timed ion selector, it passes through a retarding lens where the ions are decelerated and then passes into the collision cell, which was operated at 7 kV. The collision energy, defined by the potential difference between the source and the collision cell, was 1 kV. Inside the collision cell, no collision gas was provided. After the collision, the ions are accelerated in the second source region at 15 kV, passed through a second, field-free, linear drift region, into the reflector, and finally to the detector. The detector amplifies and converts the signal to an electric current, which is observed and manipulated by a PC-based operating system. For the reflector mode, the operation of the instrument is far simpler. After the MALDI process generates the peptide ions, and the latter are accelerated at 20 kV through a grid at 14 kV into the first, short, linear, field-free drift region. After this point, the rest of the instrument can be treated as a continuation of this region until the ions enter the reflector and then reach the detector, where as before, the signal at the detector is amplified and converted to electrical current.
The samples were prepared by applying 0.5 l of the sample to a stainless steel 192-well stainless steel target plate and by adding 0.25 l of matrix solution (a saturated ␣-cyano-4-hydroxycinnamic acid solution in 50% ACN containing 0.1% trifluoroacetic acid). They were allowed to air dry at room temperature and were then inserted into the mass spectrometer and subjected to MALDI-MS analysis. Prior to analysis, the mass spectrometer was externally calibrated with a mixture of angiotensin I, Glu-fibrino-peptide B, adrenocorticotropic hormone (fragments 1-17 and 18 -39). For MS/MS experiments, the instrument was externally calibrated with fragments of Glu-fibrino-peptide. MS and MS/MS data were further processed using DataExplorer 4.0 (Applied Biosystems) or by manual interpretation.
Kinetic Studies-The proteolytic activity was assayed using the synthetic chromogenic peptide Lys-Pro-Ala-Glu-Phe-Phe(NO 2 )-Ala-Leu as substrate. The enzymes were incubated at 37°C with 0.1 mM substrate in 50 mM sodium acetate, pH 4.7, 0.2 M NaCl, and the rate of hydrolysis was monitored at 300 nm in a Varian-Cary 100 UV-visible spectrophotometer using the operating software. A molar absorption coefficient of 1480 M cm Ϫ1 at 300 nm was used in the calculations (15) . The enzyme concentration was determined by active site titration with pepstatin A. For activity studies at different pH, the following buffers between pH 3.0 and 7.0 containing 0.1 M NaCl and 4% (v/v) Me 2 SO were used: 0.1 M sodium citrate, pH 2.5-4.0; 0.1 M sodium acetate, pH 4.5-5.5; 0.1 M sodium phosphate, pH 6.0; and 0.1 mM Tris-HCl, pH 7.0. The kinetic parameters were calculated from the Lineweaver-Burk plot using appropriate software, and the inhibition constant for pepstatin A was calculated as previously described (15) .
For the activation studies at different protein concentrations, procardosin A was incubated at concentrations ranging from 0.14 to 1.44 M in 0.1 M sodium citrate, pH 4.0, at 37°C, and aliquots were taken at different incubation times and tested for activity. The activity determined within the first 15 min, where the increase in the activity was linear for all the concentrations tested, was used to calculate the initial rate of activation.
Specificity Preferences of Recombinant and Native Cardosin A-The peptide substrate specificity was studied by using two combinatorial libraries based on the sequences Lys-Pro-Xaa-Glu-P1#Nph-Xaa-Leu (P1 library) and Lys-Pro-Ile-Xaa-Nph#P1Ј-Gln-Xaa (P1Ј library); Nph is p-NO 2 -Phe, Xaa indicates that mixtures of the 19 amino acids were incorporated, and # indicates the scissile bond. For each library, 19 different pools were synthesized having a different amino acid substitution at either the P1 or P1Ј position. They included all common amino acids found in proteins, except Cys and Met to avoid problems with oxidation. The latter amino acid was, however, substituted by Nle.
The peptide specificity assay was described in more detail elsewhere (18) . Briefly, an aliquot of each pool of the P1 and P1Ј libraries giving a total peptide concentration of ϳ100 M was used in a spectrophotometric assay. For the P1 library, cleavage between P1 and Nph yields a decrease in absorbance between 284 and 324 nm. For the P1Ј library, cleavage between Nph and the P1Ј residue yields an increase in absorbance in the same range. The better the fit within the active site cleft to optimize catalysis, the faster the observed rate of cleavage.
RESULTS

Expression, Purification, and Characterization of Recombinant Procardosin A-
The expression plasmid construct used in this work contains the cDNA encoding procardosin A starting at Ser 3P (pepsin numbering) with an extra Met-Ala-Ser sequence at the N terminus, encoded by the pET-23a sequence. Expression of this construct in E. coli resulted in the accumulation as inclusion bodies of a protein with an apparent molecular mass of about 53 kDa (data not shown); the inclusion bodies were easily purified to greater than 90% purity with a simple freeze/thaw and detergent washing procedure, and after dissolving them in 8 M urea, the refolding was induced by a rapid dilution step followed by the slow adjustment of the pH to 8.0. Upon refolding, the high molecular mass soluble aggregates were removed by size exclusion chromatography in a Sephacryl S-300 column, and recombinant procardosin A was then purified by ion exchange chromatography on a Resource Q column. SDS-PAGE analysis of the protein fraction collected from the ion exchange chromatography confirmed the presence of a protein with an apparent molecular mass of 53 kDa (data not shown), the predicted mass for the nonglycosylated form of procardosin A. Edman degradation of the electroblotted protein indicated that the recombinant procardosin started with the expected N-terminal ASSDD sequence (the initial Met residue is removed by the bacterial methionine aminopeptidase (19, 20) . Chemical C-terminal sequence analysis yielded the sequence FAEAA, indicating that the purified protein indeed corresponded to full-length procardosin A. The expression and purification procedure yielded about 4 mg of pure recombinant procardosin A/liter of culture.
Activation of Recombinant Procardosin A-To investigate the activation of recombinant procardosin A, the protein was incubated overnight in a series of buffers with pH ranging from 3.0 to 7.0. Conversion of recombinant procardosin A into its intermediate and mature forms was observed at acidic pH values, with the highest rate of processing obtained at pH 4.0 (Fig. 1) . A time course analysis of the activation process using the chromogenic substrate Lys-Pro-Ala-Glu-Phe-Phe(NO 2 )-Ala-Leu as substrate revealed that maximal activity was obtained after 30 min of incubation (Fig. 2) . SDS-PAGE analysis showed that at this time point full-length procardosin A was converted into a protein with an apparent molecular mass of 47 kDa. As the incubation time increases, this protein is converted into the two-chain form of cardosin A (Fig. 3) .
To study the nature of the activation process, recombinant procardosin A was incubated at pH 4.0 in the presence of various protease inhibitors. SDS-PAGE analysis showed that the processing enzyme is an aspartic protease because only pepstatin A (Fig. 4, lane 1) , the classic inhibitor of this class of proteases, was able to prevent the proteolytic cleavage of the recombinant procardosin A. To rule out the presence of a contaminant pepstatin-sensitive protease from E. coli, an active site D32A mutant of procardosin A was generated and produced. The inactive mutant could not be processed in the same conditions used to process procardosin A (data not shown), clearly ruling out the possibility of a contaminant protease responsible for the proteolytic events leading to zymogen activation. Taken together these results suggest that recombinant procardosin A activates itself at acidic pH values.
The activation of recombinant procardosin A may result from either an intramolecular or intermolecular processing mechanism or a combination of both. An intramolecular activation mechanism would imply a zero order reaction where the rate of procardosin A activation would be independent of procardosin A concentration. An intermolecular activation mechanism would have a higher order of reaction.
The relative rates of activation of procardosin A at different protein concentration were determined, and the results are given in Fig. 5 . As observed, the extrapolation of activation rate when the procardosin A concentration tends toward zero is clearly different from zero, in agreement with an intramolecular mechanism. However, when procardosin A concentration increases, the rate of activation increases, suggesting that the processing reaction can also follow an intermolecular mechanism.
When fully processed recombinant cardosin A was added to procardosin A in a 1:50 or 1:10 ratio, the initial rate of procardosin A proteolytic processing was not significantly affected (data not shown), indicating that under the conditions used, procardosin A processing appears to be primarily an intramolecular reaction.
Proteolytic Processing of Recombinant Procardosin A-To better understand the molecular events involved in the proteolytic activation of recombinant procardosin A, the peptide bonds cleaved during the process were identified by a combination of N-and C-terminal sequencing together with the use of a novel mass spectrometry based method for C-terminal amino acid sequencing (21) .
The first cleavage in recombinant procardosin A produced two peptide fragments with molecular masses of 47 and 8 kDa (Fig. 6B, bands B1 and B2) . N-and C-terminal sequencing analysis of the 47-kDa protein identified the sequence RGTVR, corresponding to the last five amino acids of the propeptide at the N terminus and the FAEAA sequence at the C terminus.
Sequence analysis of the 8-kDa protein revealed that the N terminus was that of the recombinant procardosin A (ASSD), whereas C-terminal sequence analysis identified the sequence GF. These results indicate that the first intermediate form of recombinant cardosin A results from a cleavage between residues Phe 40P -Arg 41P (pepsin numbering) of the propeptide. The 47-kDa protein was subsequently converted into a 33-kDa protein (Fig. 6B, band C1 ) whose N-terminal sequence was RGTVR. After electroblotting, the amount of the C1 fragment was insufficient to obtain its C-terminal sequence by chemical sequence analysis. Although considerable progress has been made in recent years, the existing chemical method for Cterminal sequence analysis is still hampered by the relatively modest sensitivity (20 -100 pmol) of this approach (17) . Therefore, the C-terminal sequence was determined by using a novel, mass spectrometry-based method that was applied on the SDS-PAGE-separated fragments (21) . In this method, a peptide mixture is generated by cleavage of the protein with CNBr in acid solution, a chemical cleavage method known to be specific for Met-Xaa peptide bonds. During the cleavage Met residues are converted to homoserine lactone, in equilibrium with homoserine. During subsequent incubation with carboxypeptidases only the original carboxyl containing fragment is accessible to enzymatic degradation. In this ladder sequencing approach, the sequence can be read, in the correct order, by simply calculating the differences in mass of adjacent peptide peaks, representing the loss of C-terminal amino acids. The ladder read-out is performed using MALDI-time-of-flight MS, because this ionization technique produces ladders of singly charged ions and because of its relatively good salt tolerance (carboxypeptidase buffer). This approach is illustrated in Fig. 7 where it was applied on the B1 band. Upon alkylation of the Cys residues and CNBr cleavage, three fragments were observed in the mass spectrum. Upon incubation with carboxypeptidases, only one fragment (at m/z 2240.16) started to disappear and formed a ladder, from which the C-terminal sequence, GNLLVGFAEAA, was determined. MS-based C-terminal sequence analysis of the C1 band identified the sequence KLCTFDGARDVSSIIE as the C terminus of the 33-kDa protein. This indicates that cleavage occurs between residues Glu 50 and Ser 51 in the PSI domain. Application of the MS-based procedure on the D1 gel spot resulted in a mass spectrum wherein only two peptide fragments were observed. Upon incubation with carboxypeptidases, both fragments (m/z 1233.68 and 1396.73) started to shift and formed the same ladder (VS(R/Y)). This indicated that both fragments were the same C-terminal peptide with a ragged C terminus R/Y (⌬m ϭ 163.06 Da) being produced by cleavage of the peptide bonds at Tyr 13 -Gly 14 and Arg
12
-Tyr 13 in the PSI domain. N-terminal sequence analysis showed that the sequence RGTVR is present at the N-terminal side of the D1 fragment, corresponding to the 31-kDa polypeptide of cardosin A (heavy chain) having the last 5 amino acids of the propeptide and the first 12/13 amino acids of the PSI still attached (Fig. 6A) .
After CNBr cleavage, MALDI analysis of the less intense C2 and D2 band indicates the presence of a fragment at 2240.23 Da. The low intensity of the observed peak excluded incubation with carboxypetidases Y and P. However, the mass is in perfect agreement with the calculated mass of the C-terminal fragment Arg 307 -Ala 326 (pepsin numbering) of the intact protein (molecular mass, 2239.11 Da). As shown by the C-terminal sequence analysis of the larger B1 fragment, this indicates that the processing does not occur at the C terminus of the C2 or D2 fragments but at their N termini somewhere in the PSI domain. However, further experimental evidence will be required to identify the exact processing sites.
These results showed that the processed form of recombinant cardosin A is formed by the polypeptide chains corresponding to the D1 and D2 bands. The SDS-PAGE analysis of mature recombinant cardosin A was repeated, and the sample was denatured in the presence or absence of ␤-mercaptoethanol (Fig. 6C) ; the nonreduced sample showed a shift of the protein band to higher molecular mass in comparison with the heavy chain protein band of the reduced sample. The shift was estimated to be 11 kDa (from 26 to 37 kDa). This clearly indicates that this two-chain form of recombinant cardosin A remains associated by a disulfide bridge between Cys 6 and Cys 100 of the PSI domain that was not completely excised from the protein.
Expression, Purification, and Activation of a Single-chain Recombinant Cardosin A-Because removal of the propeptide by autoactivation and excision of PSI turned out to be a more complex event, a PSI deletion mutant of procardosin A was engineered and produced in E. coli using the same expression and purification procedure as described for recombinant procardosin A. A recombinant protein with an apparent molecular mass of 43 kDa was obtained, in agreement with the expected molecular mass for the mutant form of procardosin A. This precursor form was inactive, and activation was achieved under the conditions previously used for recombinant procardosin A. Time course analysis revealed that maximum activity was obtained upon incubation in 0.1 M sodium citrate, pH 4.0, at 37°C for 150 min. SDS-PAGE analysis showed that at this time point the mutant form was totally converted into a 37-kDa protein. No further processing or inactivation of the single-chain recombinant cardosin A was observed for at least 3 days. Conversion was not observed when the recombinant protein was incubated under the same experimental conditions in the presence of pepstatin A. Sequencing of the 37-kDa processed form revealed that the only proteolytic event that occurred during its autoactivation is the incomplete removal of the propeptide.
Enzymatic Properties of the Different Forms of Recombinant Cardosin A-In the course of this work, at least three different forms of active recombinant cardosin A were produced (Fig. 8): (i) an intermediate form generated from recombinant procardosin A upon incubation at pH 4.0 for 30 min, which corresponds to a PSI containing form without the propeptide (rCAϩPSI); (ii) a two-chain form of rCA with the polypeptide chains held together by disulfide bridges; and (iii) an engineered single-chain recombinant cardosin A (rCA⌬PSI). To characterize the proteolytic activity of these three forms, their enzymatic properties were determined and compared with those of natural cardosin A. The proteolytic activity assays were carried out using the synthetic chromogenic peptide LysPro-Ala-Glu-Phe-Phe(NO 2 )-Ala-Leu as substrate.
The temperature and pH dependence of natural and recombinant forms of cardosin A are shown in Fig. 9 . Similar profiles were obtained in all cases. The proteolytic activity increases with the temperature with a maximum between 40 and 45°C and then decreases abruptly for temperatures over 50°C (Fig.  9A) . In respect to their pH optimum, natural and recombinant forms of cardosin A are active between pH 2.5 and 6.0, with a maximal activity achieved between pH 4.0 -4.5 (Fig. 9B) .
The activity of the recombinant cardosin A forms is inhibited by the specific inhibitor of aspartic proteases, pepstatin A. Inhibitors of other classes of proteases (20 mM phenylmethylsulfonyl fluoride, 0.1 mM E-64, 20 mM EDTA, or 40 mM Pefabloc SC) did not affect its proteolytic activity (data not shown). The inhibition constant, K i , for pepstatin A was determined for the wild type cardosin A and the three recombinant forms prepared in this study and was between 1 and 1.5 nM for all.
The k cat and K m parameters for the hydrolysis of the peptide substrate Lys-Pro-Ala-Glu-Phe*Nph-Ala-Leu were also determined and are summarized in Table I . Even though there are some differences in the k cat and K m parameters, the values of their specificity constant (k cat /K m ) indicate that all forms have similar catalytic efficiencies to cleave the synthetic peptide used as substrate.
Primary Peptide Specificity of Single-chain Recombinant Cardosin A-Given the results reported in the previous section, further characterization of the catalytical properties of recombinant cardosin A was carried out using the single-chain engineered form. The primary specificity of recombinant and natural cardosin A was investigated using two peptide libraries, following a method described elsewhere (18) . The results are given in Fig. 10 , and all of the values in the P1 and P1Ј positions were normalized to a maximum of 100%. The higher the peak for a given amino acid, the higher the preference the enzymes exhibited for that substitution in the substrate.
The results for the primary specificity of recombinant and natural cardosin A for P1 showed that phenylalanine is the only amino acid readily accepted in the S1 pocket, with leucine and norleucine being moderately accepted. For the P1Ј position, the results have shown a broader specificity in the S1Ј subsite in comparison with the S1 subsite; both enzymes have a preference for tyrosine and phenylalanine in the P1Ј position. Concerning the moderate and less tolerated amino acids, there are some differences, mainly in the case of alanine and tryptophan by native cardosin A compared with the low tolerance of recombinant cardosin A for the same amino acids in the P1Ј position.
DISCUSSION
Plant aspartic proteases have been implicated in a variety of physiological processes where cell death events play a key role (7, (22) (23) (24) (25) . Activation of these proteases therefore triggers the onset of these events and determines the fate of the plant cell. In the particular case of cardosin A, the major milk-clotting enzyme of the flowers of cardoon and a model plant aspartic protease, characterization of the activation process has been hampered by the difficulty in isolating the precursor form from its natural source. Therefore, production of milligram amounts of recombinant procardosin A was important, not only for structural studies, but also to study its activation and proteolytic processing in more detail.
In this work, we applied a novel MS-based C-terminal sequencing method to study the proteolytic processing of a recombinant protein. Even though details of the method are given elsewhere (21) , it proved to be highly efficient to obtain C-terminal sequence information using low picomol amounts of protein. Using a combination of CNBr cleavage, enzymatic degradation, and MALDI MS/MS analysis, it is possible to get the C-terminal sequence of proteins at this sensitivity.
Processing of recombinant procardosin A turned out to be a multi-step process. Our data clearly indicate that the first step is the removal of the propeptide, generating an active intermediate with the PSI domain still present in the structure. This suggests that inactivation of recombinant procardosin A is accomplished by the presence of a propeptide, as in many other aspartic proteases (26 -28) , and that the PSI has apparently no relevant role in the inhibition. Cleavage occurs only at the Phe-Arg bond of the propeptide, leaving five amino acids extra at the N terminus of the mature form. Because cleavage was inhibited by pepstatin A and an active site mutant form of cardosin A was unable to undergo the same processing as the wild type form, in vitro activation of recombinant procardosin A appears to be an autocatalytical process. In fact, cardosin A showed a strong preference for Phe in position P1 and was able to cleave the synthetic peptide of the combinatorial library having Arg in position P1Ј, although not at an optimal rate, further supporting the hypothesis that the enzyme is responsible for its own activation. The mechanism occurs through a mixed intramolecular/intermolecular mechanism, in a similar fashion to what has been proposed for the activation of recombinant rhizopuspepsinogen (29) and pepsinogen (30) .
The second step in the proteolytic processing of cardosin A is the removal of the PSI, which is sequentially excised from the precursor. The initial cleavage occurs in the middle of the PSI and then proceeds bidirectionally from that point toward the sequence boundaries between the PSI and the two polypeptide chains of mature cardosin A. In vitro activation of recombinant procardosin A leads ultimately to the generation of an active form where the two polypeptide chains still remain associated by a disulfide bond. This has also been reported for cyprosin and the sunflower seed aspartic protease (31, 32) . The incomplete removal of the PSI described in this work and for cyprosin and sunflower seed aspartic protease suggests therefore that completion of in vivo maturation might require the action of other protease/exopeptidase(s). Nevertheless, the production of an active form of cardosin A requires only the removal of the propeptide, which can be accomplished under acidic conditions. Most likely this occurs inside the vacuole at a slow rate and is accelerated by sudden decreases in pH.
Even though the two-chain recombinant cardosin A is active and displays properties similar to the natural form, the complexity of the processing reaction makes this form of enzyme less attractive for large scale production. Generation of the single-chain form of procardosin A without the PSI domain circumvented this problem because it can easily be autoactivated and shows similar properties when compared with the natural enzyme. The specificity constants are quite similar for all of the recombinant forms of cardosin A tested and are also similar to those determined for native cardosin A. Nevertheless, the comparison of individual constants showed some differences, namely between rCA and rCA⌬PSI, with the latter showing increased k cat and K m values. The difference between these two molecules resides in the PSI domain. Because the PSI domain is located in the C-terminal part of the enzyme, it most likely influences the specificity of the subsites dictated by the C-terminal domain of the enzyme, namely P1Ј and P3Ј (33) ; in fact the small differences between nCA and rCA⌬PSI specificity are only observed for the amino acid at the P1Ј position.
Despite these differences, the results show that both recombinant and natural forms of cardosin A are considerably more selective for the P1 than for the P1Ј position, a typical observation for aspartic proteases (18, (33) (34) (35) (36) , and that both have a preference to cleave peptide bonds between hydrophobic amino acids, like most aspartic proteases. According to the results, cardosin A has a high preference to cleave peptide bonds with Phe at P1, and a moderate preference with Leu or Nle. For P1Ј, the results obtained with the peptide libraries have shown a high preference toward Phe and Tyr, and a moderate preference for Nle, Trp, and Ala. Taken together, these results indicate that the primary specificity closely resembles those of cathepsin D and plasmepsins, suggesting that cardosin A shares the same peptide bond preference of its vacuolar/lysosomal mammalian and protozoan homologues. 
